1. Introduction {#sec1}
===============

Electroplating of zinc is an industrial process used to produce a protection layer on a ferrous substrate. Zinc deposition and dissolution^[@ref1]−[@ref3]^ processes are widely studied. Owing to its more negative standard electrode potential (in contrast to iron), zinc will corrode preferably to the steel to produce a sacrificial protection of the substrate.^[@ref4]−[@ref7]^ Zinc deposition is also utilized in the growing fields of novel rechargeable battery design^[@ref8],[@ref9]^ and CO~2~ reduction.^[@ref10]^ For large-scale applications a central hurdle of the electroplating process is control of the local deposition rate. In several industries, complex substrate geometries result in high/low field regions with significantly varying local deposition rates. Controlling and steering the local process can provide real benefits to manufacturers, in particular via targeted control of deposition rates through an inhibition at high current densities and an acceleration at low current densities. This results in an even thickness distribution and a smooth and bright appearance of the zinc layer.

Because of its amphoteric property, zinc is soluble in both alkaline and acidic conditions as well as novel neutral^[@ref11]^ and nonaqueous electrolytes.^[@ref12]^ For electroplating this enables the deposition of zinc from both alkaline and acidic electrolytes. There are three main electrolytes used: alkaline cyanide, alkaline non-cyanide, and acidic electrolytes.^[@ref13],[@ref14]^ Today alkaline cyanide-based chemistry is rarely used because of its toxicity. Alkaline non-cyanide electrolytes were developed as nontoxic alternatives and are the focus of the present work.

A typical alkaline electrolyte is prepared by dissolving zinc oxide in sodium or potassium hydroxide solution to form \[Zn(OH)~4~\]^2--^ (zincate) complexes. Jelinek et al. show that the complex \[Zn(OH)~4~\]^2--^ is formed in these electrolytes.^[@ref13]^ Spectroscopy measurements also provide evidence that only \[Zn(OH)~4~\]^2--^ is formed when preparing alkaline zinc electrolytes.^[@ref15],[@ref16]^ Also measuring the redox potential of zinc in strongly alkaline electrolytes further supports the formation of \[Zn(OH)~4~\]^2--^.^[@ref17]^ It is important to note that the formation of the tetrahydroxo zincate complex only appears in highly concentrated alkali hydroxide solution (an excess of hydroxide ions is needed). In contrast to this, the formation of \[Zn(OH)\]^+^, \[Zn(OH)~2~\], or \[Zn(OH)~3~\]^−^ is favored in less alkaline conditions.^[@ref18]^

The mechanism of Zn deposition is debated controversially. Some authors claim that the zinc reduction happens as a one-step electron-transfer reaction:^[@ref19],[@ref20]^while others propose a two-electron process as follows:^[@ref13]^Indeed, other studies show that the reaction of the zinc electroreduction is more complex and may proceed through a four-step mechanism starting from the tetrahydroxo complex as follows.^[@ref21]−[@ref23]^Although alkaline baths nowadays are environmentally benign, they have disadvantages, specifically the formation of powdery, dark, or spongy zinc layers. To overcome these problems and to improve the plating performance, additives can be utilized for moderating the crystal growth.^[@ref24]−[@ref26]^ A number of additives show excellent performance. For instance, Ortiz-Apericio et al.^[@ref27]^ show a beneficial influence of vanilin and anisaldehyde on the electrochemical deposition and the layer morphology of a Zn--Co alloy. Poly(vinyl alcohol) addition also results in a grain refinement during the deposition.^[@ref28]^ Similarly, quaternary ammonium compounds (for example, tetraethylammonium hydroxide, tetrabutylammonium hydroxide, nicotinic acid, and *N*-benzyltriethylammonium) can effectively inhibit dendrite formation of zinc.^[@ref29]^

Already, in 1972 Diggle and Damjanovic^[@ref30]^ realized the effect of quaternary alkylammonium salts on the dendrite formation during electrocrystallization of zinc and argued that two mechanisms are active. On the one hand, a physical blocking (steric) of the surface by the adsorbed inhibitor moderates deposition at highly catalytic sites.^[@ref31]^ On the other hand, the specific adsorption of the quarternary compounds modifies the diffuse layer, so that deposition kinetics, i.e. the position of the reaction planes is modified. The effect of specific adsorption of moderators was further confirmed by Oniciu and Mureşan.^[@ref24]^

While it seems clear that adsorption of molecules can effectively moderate metal deposition, little is known about the molecular mechanism and moderation mechanism of other moderators, such as polymers, during electroplating.

The aim of this work is to fundamentally understand the effect of organic compounds, especially polyquaternary ammonium polymers, on the electrodeposition of zinc. This work investigates the behavior of polyquaternium 2 (PQ) as an additive for the alkaline zinc electrolyte, with the aim to unravel the mechanism by which it controls zinc deposition. Here cyclic voltammetry and quartz crystal microbalance with dissipation (QCM-D) measurements were performed to understand the adsorption mechanism and kinetics during the metal deposition and the role of the polymer in the alkaline electrolyte. Knowing this information can help to improve electrolyte systems in terms of both the material properties of the electroplated layer produced and their environmental impact.

2. Experimental Section {#sec2}
=======================

2.1. Chemicals and Materials {#sec2.1}
----------------------------

The zinc oxide (99.7% purity) and the NaOH solution (50%) were purchased from VWR, and the polyquarternium 2 (62 wt % in water) was from Sigma-Aldrich. All chemicals were used as received without further purification.

The alkaline non-cyanide zinc electrolyte was prepared by dissolving the zinc oxide in NaOH solution and using deionized water to achieve the desired concentration. The concentration in the bath is 3.8 M for the NaOH and 0.2 M for the zinc. The polyquarternium 2 in the electrolyte is adjusted to 0.1 wt %.

2.2. Cyclic Voltammetry (CV) {#sec2.2}
----------------------------

The zinc layer was deposited during cyclic voltammetry in a bulk electrochemistry on a gold model surface by using a GAMRY potentiostat/galvanostat/ZRA (interfaces 1010 E). During the experiments the solutions were bubbled continuously with argon. The working electrode was a molecularly smooth gold surface prepared by template stripping from 100 nm gold deposited on mica^[@ref32]^ with a geometrical area of 1 cm^2^ and an RMS roughness well below 1 nm over several cm^2^. The flat, glass supported electrode was contacted with a gold wire. Experiments were performed in a three-electrode setup in a cylindrical PEEK cell with platinum mesh as counter electrode and Ag/AgCl electrode (in 3 M KCl, in a Luggin capillary) as the reference. For each experiment fresh gold electrodes were stripped shortly before the experiment, and the working electrode was electrochemically further preconditioned in a 0.1 M NaOH solution by potential cycling (between −0.3 and 0.3 V vs Ag/AgCl). All measurements were made at a rate of 10 mV/s. The stability of the experiment was determined by measuring the OCP of the Ag/AgCl electrode over a time period of 6 h.

2.3. CV in a QCM-D Cell {#sec2.3}
-----------------------

The zinc deposition happened in an electrochemical QCM-D cell on a gold surface by using a GAMRY potentiostat/galvanostat/ZRA (interfaces 1010 E). The electrolytes were prepared as above and stored in plastic containers. During the experiment a Teflon beaker was used, and the solution was bubbled constantly with argon during experiments. The equipment (a Qsense E1) and the gold-coated quartz sensors (with an RMS roughness below 1 nm) were purchased from Biolin Scientific and used in the Qsense electrochemistry module. The experiments were performed at 24 °C under flow conditions, and the fifth overtone was used for the data analysis with the Sauerbrey equation to calculate the mass deposited. For the zinc and zinc with polyquarternium 2 electrolytes the Sauerbrey equation is appropriate;^[@ref33]^ for the polyquarternium 2 and background electrolytes the criterion is met to differing extents, and therefore the mass should be treated as indicative rather than quantitative. For the cyclic voltammetry part a platinum sheet and an Ag/AgCl electrode (in 3 M KCl) were used respectively as counter and reference electrodes. Every gold sensor was electrochemically polished in a 0.1 M NaOH solution before starting the experiment and used for one zinc deposition experiment only. Ten cycles were measured, and the last three cycles are plotted in this work. Transient chronoamperometric measurements were also made by using the same preparation protocol and returned to a dissolution potential between potential steps.

2.4. X-ray Photoelectron Spectroscopy {#sec2.4}
-------------------------------------

Gold substrates were prepared as for the bulk electrochemistry, and samples were prepared in polyquarternium 2 solution (removed at peak PQ2, approached by linear sweep voltammetry at 10 mV/s scan rate), in zinc with polyquarternium 2 both under the same conditions as the PQ sample and removed at −1.62 V at the beginning of the zinc deposition peak, and in the zinc electrolyte after a CV (0.05 to −1.5 V, 10 mV/s) removed at 0 V. Chemical composition and chemical states of the surface were determined by using the Axis Supra (Kratos Analytical) spectrometer.

No charge neutralization was used. XPS spectra were shifted with respect to gold at 83.95 eV. Spectra were taken with a resolution of 0.1 eV and a pass energy of 160 eV. All spectra were fitted by using reference compounds from the NIST database.^[@ref34],[@ref35]^

3. Results and Discussion {#sec3}
=========================

In this work we studied the influence of polymer additives on zinc deposition from the alkaline zinc bath using both electrochemistry (cyclic voltammetry) and QCM-D measurements. The key questions that we try to answer are: how does the polymer influence the deposition mechanism, and how does this enable deposition of a thin, smooth, and bright zinc layer with optimized thickness?

Four electrolytes have been analyzed as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}: The background electrolyte NaOH (labeled BE), a solution of 0.1% polyquarternium 2 in NaOH (PQ), zinc electrolyte without polyquarternium 2 (ZN), and zinc electrolyte with 0.1% polyquarternium 2 (ZP). The characteristic cyclic voltammograms in the cathodic region on a gold electrode are compared. These data reveal a number of interesting aspects as follows.

![Full cyclic voltammogram (CV) of the electrolytes analyzed during this work. BE is a 1000 times magnification of the CV of NaOH. PQ is a 10 times magnification of the CV of the polyquarternium 2 dissolved in NaOH (0.1% solution). ZN is a 3 times magnification of the CV of the zinc electrolyte containing no polyquarternium 2. ZP is the CV of the zinc electrolyte with polyquarternium 2.](am0c04263_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} BE shows the electrochemical behavior of a gold electrode in the NaOH electrolyte with two characteristic reduction peaks labeled BE1 and BE2. The first cathodic peak BE1 at −1.14 V vs Ag/AgCl is attributed to the adsorption of cations (H^+^ and Na^+^) at the electrode interface. At a potential of about −1.3 V the hydrogen evolution reaction (HER) starts to dominate.

In contrast for PQ, also shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the CV indicates five peaks (PQ1, PQ2, and PQ3 in the cathodic sweep and PQ4 and PQ5 in the anodic sweep). The peaks PQ1 at −0.92 V and PQ2 at −1.12 V vs Ag/AgCl can be attributed to the electrosorption of the polymer. The intensity of PQ1 is smaller and may characterize low-molecular-weight compounds in the solution and residual oligomers formed during the synthesis. Alternatively, the combination of both peaks may be interpreted as an initial electrosorption with low coverage, where the polymer remains in a mushroom regime, while the second peak may indicate a collapse of the adsorbed molecules into a more dense packing.

The adsorption or grafting of polymer chains on to a planar solid--liquid interface is a well-studied phenomenon.^[@ref36],[@ref37]^ Briefly, there are two main configurations or regimes depending on the density. At low surface density the mushroom regime describes the grafting of polymer chains to the interface without overlap between neighboring chains. This is possible when the surface density of anchored polymer Γ is smaller than 1/*R*~F~^2^, where *R*~F~ is the Flory radius. Each chain is isolated from its neighbors with the average distance between grafting points larger than the radius of gyration. When the chains are adsorbed at high densities, the probability of obtaining a brush structure for the resulting layer is very high, especially when the neighboring chains are so close that they can overlap with each other.

Interestingly, also the HER is significantly altered and indicates an additional shoulder at about −1.35 V (PQ3). We interpret this as a moderation of the HER by the adsorbed polymer. Moderation is likely linked to a lower number of adsorption positions of water due to competitive polymer adsorption and a related change of the reaction mechanism and/or kinetics of the HER. This is an interesting insight and demonstrates that the positively charged polymer can effectively compete with or rather modify the kinetics of the HER. In the anodic sweep, the peaks PQ4 and PQ5 can be attributed to desorption of polyquarternium 2. This is obviously a highly nonideal electro(de)sorption process with a considerable overpotential, considering the potentials of the electrosorption peaks (PQ1 and PQ2). This is not unexpected for large molecules such as polymers.^[@ref38],[@ref39]^

Comparing the pure zincate solution, ZN, in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} with the two other reference solutions shows one significant cathodic peak ZN1 and three anodic peaks ZN2, ZN3, and ZN4 at −1.43, −1.33, and −1.13 V vs Ag/AgCl, respectively. ZN1 is indicative of a competitive zinc deposition and HER. Interestingly, also the HER is shifted in the ZN solution and starts at −1.48 V vs Ag/AgCl, which is significantly more negative in comparison to BE and PQ. This indicates that the zincate in solution may result in an interfacial adsorption layer, i.e., an electric double-layer structure in this case, that modulates the hydrogen adsorption and consequently the HER kinetic pathways by competitive adsorption. The anodic peak ZN2 indicates the corresponding Zn dissolution peak during the anodic sweep.

Including both the polyquarternium 2 and the zincate in the ZP electrolyte results in significant changes to the cyclic voltammogram in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Here, we find three cathodic peaks with those related to the zinc deposition, ZP2 and ZP3, appearing at significantly more cathodic potentials of −1.43 and −1.56 V vs Ag/AgCl, respectively, and five anodic peaks with the main zinc dissolution peak, ZP4, at −1.30 V vs Ag/AgCl. Compared to the zincate solution ZN, the Zn deposition is obviously actively moderated.

For interpreting this result, we will need to consider, first, how the polymer structure changes in the two different alkaline solutions and how it enables an effective Zn deposition. In alkaline solutions the polyquarternium polymer will be positively charged, as the quaternary amine is charged at all pH levels. This charge on the polymer will be screened by co-ion absorption (e.g., OH^--^) into the polymer. In turn, the polymer will remain in a random coil structure, with a typical radius that depends on the contour length of the individual coils and the solubility. As the solubility is quite good, the radius can be estimated by using the Flory radius *R*~F~ ∼ *I*~s~*n*^0.6^, where *n* is the number of segments and *I*~s~ the length of a segment.^[@ref40]^ As explained above, the *R*~F~ is the typical distance to which polymers can adsorb at surfaces without significant compacting and brush formation. If zincate is present, the zincate can easily coabsorb into the polymer, in an effective competition with hydroxide ions, to screen the charge of the polymer. There are two motifs that can result in significant uptake of zincate into an amine-based polymer. First, positively charged amine groups can interact with the negatively charged zincate, and second, amines can complex with the zincate directly. Given the quaternary amine structure of PQ, the first possibility seems more likely, while complexation is impossible with quaternary amines.^[@ref41],[@ref42]^ This coabsorption of zincate into the polymer enables its approach to a negatively charged surface, directly into the inner sphere of the electric double layer. Essentially the electrostatic penalty is lifted, enabling a controlled approach to the negatively charged surface at deposition potentials.

Now, considering such a Zn-loaded polymer structure, the CV peaks may be described as follows: the weaker positive charge of the polymer structure leads to corresponding electrosorption peak, ZP1, at −0.92 V to have a much lower current than in the PQ solution. ZP1 also appears to form a couple with ZP7 at −0.86 V. Consistent with this interpretation is the broad peak, ZP8, at ∼−0.06 V, which would correspond to PQ5, attributed to electrodesorption of the polymer in the PQ solution. The peak at ZP2 may hence indicate the deposition of the zinc that is absorbed within the positively charged polymer coil. The overall only weakly positively charged polymer aggregate enables an effective approach of zincate to the surface, without a significant electrostatic penalty. The peak structure clearly indicates a process that quickly depletes, which is in line with Zn depletion of the surface bound polymers. This first Zn deposition peak deposits an initial Zn layer at a 100 mV more anodic potential compared to Zn deposition in ZN solution. This is further indicative of a significant overpotential reduction for the Zn deposition, which supports a polymer-mediated activation of the zincate complex by coabsorption into the amine polymer coil. In addition, the second rise and plateau of the cathodic deposition current, at ZP3, is consistent with a Zn deposition that is moderated and rate limited by diffusion of zincate through the adsorbed and surface bound polymer. In particular, considering that this current levels and only weakly depends on the potential below about −1.6 V, a diffusion-controlled process moderation through the polymer is active in the combined system. The polymer is an effective surface coating that diffusion limits the zinc deposition by structural features of the polymer and its effective integration into the electric double layer at negative potentials.

Also the Zn dissolution peaks ZP4, ZP5, and ZP6 are shifted to more anodic potentials compared to dissolution from the ZN electrolyte, ZN2, ZN3, and ZN4.

XPS spectra in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} further support the mechanism of an initial loaded polymer bringing the zincate to the surface. Upon comparison of the ZP sample removed at the polymer deposition potential (polarized to a potential equivalent to peak PQ2) with the other ZP and ZN samples, there is a peak at a binding energy far lower than any reported in the NIST database for either metallic or zinc oxide or hydroxide. Therefore, in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} we assign the peaks at 1017 and 1040 eV to zinc located within the polymer environment. There is a coexistence with the oxide which could have formed between preparation and measurement. There was also little evidence to suggest alloying of the zinc with the gold substrate^[@ref43]^ following polarization to deposition potentials in either ZN or ZP electrolytes.

![XPS spectra for (a) Au 4f~7/2~ and 4f~5/2~ and (b) Zn 2p~3/2~ and 2p~1/2~ electrons for gold electrodes in three different electrolytes: PQ polarized to the potential of peak PQ2, ZN polarized to −1.5 V (the start of deposition) but then removed at 0 V, and ZP polarized to and removed at both −1.62 V (the start of deposition) and the equivalent potential of peak PQ2. In (a) only metallic gold peak characteristics were required to fit the data. In (b) both metal and oxide characteristics are found for the ZN and ZP samples taken to deposition potentials, whereas the ZP sample polarized to the PQ adsorption potential exhibits an oxide peak and another assigned to the Zn species in the polymer environment.](am0c04263_0002){#fig2}

###### Peak Positions for Fits to the Zn 2p~3/2~ and 2p~1/2~ XPS Spectra

  position (eV) Zn 2p~3/2~\|2p~1/2~   metal              oxide              polymer environment
  ----------------------------------- ------------------ ------------------ ---------------------
  PQ to PQ2                                                                  
  ZN to −1.5 V                        1021.29\|1044.31   1020.64\|1043.75    
  ZP to PQ2                                              1021.03\|1044.03   1017.14\|1040.14
  ZP to −1.62 V                       1021.48\|1044.54   1020.83\|1043.94    

While CVs and XPS already provide a detailed insight into the electrochemical mechanism at play, QCM-D experiments can further support arguments discussed above. In the following paragraphs, we discuss electrochemical QCM-D measurements with similar solutions and surfaces. This provides a direct view on the mass deposition during the zinc electroplating process. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the variation of the current and the deposited mass and dissipation during cyclic voltammetry for all electrolytes examined for a potential window from −0.4 to −1.2 V vs Ag/AgCl, where no zinc is yet deposited. This is thereafter termed nonreactive cycling in the polymer adsorption/desorption region. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} goes further into the cycling of dissipation observed in ZP electrolyte. Later [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows QCM-D data for active zinc deposition (with bulk deposition) from the zinc electrolyte without (ZN) and with polyquarternium 2 (ZP). The presented data indicate a number of interesting results as follows.

![Nonreactive cycling (cycling between −0.4 and −1.2 V vs Ag/AgCl). (a) Current and mass against the time for all electrolytes. Thick lines correspond to the current plots; thin lines correspond to the mass plots. (b) Dissipation behavior vs time for all electrolytes. BE: NaOH electrolyte; PQ: 0.1% solution of polyquarternium 2 in NaOH; ZN: zinc electrolyte without polyquarternium 2; ZP: zinc electrolyte with polyquarternium 2. Note for the BE the mass should be treated as indicative rather than quantitative (see the [Experimental Section](#sec2){ref-type="other"}).](am0c04263_0003){#fig3}

![Mass vs dissipation plot for one cycle of the QCM-D measurement of the ZP electrolyte shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The arrows indicate the direction of the cycle with time. The three phases are described in the text.](am0c04263_0004){#fig4}

![Current and mass transient data during potentiostatic Zn deposition from (a) ZP (solid lines at −1.63 V and dashed lines at −1.80 V) and (b) ZN, respectively. Thick lines correspond to the current, and thin lines represent the change in mass.](am0c04263_0005){#fig5}

First, during nonreactive cycling with the background electrolyte, NaOH ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a-BE), the mass adsorbed to the gold surface increases and decreases, mirroring the trend of the current measured during cyclic voltammetry. The turning points coincide with those of the applied potential at −1.20 and −0.40 V vs Ag/AgCl. The changes are overlaid on top of a significant initial adsorption that is seen when cycling first begins. Here, the corresponding sharp decrease back to the baseline mass at OCP is seen in the figure after the final cycle finishes and the potential returns to OCP. The ions available in solution are Na^+^ and OH^--^; therefore, the mass increase must be attributed to charge regulation of these ions within the electric double layer (EDL). Upon cathodic polarization, the increasingly negative surface charge, σ, of the gold is compensated by an increasing adsorbed mass of sodium ions, as seen in the plot. Owing to the dissipative changes in the BE data, a full kinetic network model would be required to interpret the full viscoelastic behavior of the EDL.

Second, the PQ mass vs potential characteristic is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a-PQ. The trend is similar compared to the BE with turning points at the applied potential −1.20 and −0.40 V vs Ag/AgCl. There are two notable differences compared to BE. First, the data also show a significant plateau region at anodic potentials, and no significant jump is observed upon switching back to OCP. This indicates that the positively charged polymer is likely physisorbed at all potentials, limiting the need for compensating any surface charge with sodium from the EDL. Second, the increase and the decrease of the adsorbed mass have a slightly steeper slope of mass vs potential. The slope change may indicate denser packing of polymers, with the higher physisorbed polymer mass reflected in the increased slope.

Third, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a-ZN describes the behavior of the zinc electrolyte without polyquarternium 2. As can be seen, compared to the first two solutions, the characteristic is completely different. There are flat plateau regions at more anodic potentials. The significant difference in mass between the more anodic and cathodic potentials indicates that the zincate electrolyte forms a significantly different electric double layer compared to the simple EDL charging observed in pure NaOH (BE). At a critical potential of about −1 V ions may compact at the inner Helmholtz plane of the electric double layer, increasing the effective mass on the electrode, while no additional stepwise current flows.

Finally, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a-ZP corresponds to the current and mass plots for the zinc electrolyte with polyquarternium 2 (ZP). Here we find a completely different characteristic. Three peaks are visible for every cycle. The mass plot (thin line) appears to be a qualitative addition of effects seen for both the zinc electrolyte without polymer (ZN) and the polymer solution (PQ). Similar to ZN, we see an initial plateau followed by a steep mass increase at a critical potential of about −1 V (labeled with ZP4). After steep increase, the mass first decreases slightly and then follows the trend of the adsorbed polymer.

We interpret the steep increase at −1 V as the proposed initial electrosorption of a zincate-loaded polymer. In contrast to the pure polymer, we find a subsequent short drop in mass indicating an initial electrosorption and a subsequent depletion of the polymer. Afterward, a mass increase similar to that of the polymer solution, and no plateau region, are observed. This agrees with a compacting of the now depleted polymer. Also, this is in line with the simultaneously measured dissipation. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the dissipation as a function of the time (i.e., applied potential) during repetitive CV cycling within the electrochemical window from −0.4 to −1.2 V. The background electrolyte, the PQ solution, and the neat zincate solution show no particular significant features in the dissipation. All solutions, except the pure zincate solution (ZN), indicate a transient increase of the dissipation within the first few cycles, indicating a surface annealing.^[@ref44]^ Only data for the ZP electrolyte indicate a swift increase, followed by a decrease of the dissipation back to the baseline, upon the initial adsorption of the Zn-loaded polymer. The process occurs over a few points in the QCM-D data, which is recorded every 0.4 s. Each point is therefore 10 times longer in time than the Zimm time, which is calculated as 0.36 ms. The Zimm relaxation time^[@ref45]^ is how long the polymer requires to explore its full configuration space once. Hence, the sharp increase in dissipation occurs over a longer time than the natural fluctuations of the polymer configuration. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} provides another way to visualize this process via a mass vs dissipation plot and the changes happening to the polymer chains at the interface triggered by the potential change. The dissipation and mass increase at the same time (phase 1 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) as the loaded polymer adsorbs and rapidly undergoes an initial depletion of its load onto the surface.

The depletion is a transient state and dissipation decreases (phase 2) as the polymer stiffens as it reloads with zincate and the surface configuration equilibrates. When the charge is more positive, the zincate (and polymer) is released from the surface, and the mass decreases once more (phase 3). Again this is a strong indication for an initial adsorption, followed by a Zn depletion (due to zincate or zinc adsorption to the metal surface). This effectively modulates the stiffness of the adsorbed polymer, consistent with the observed dissipation fluctuation.

As such we can confirm that the polymer and also the zincate-loaded polymer adsorb at the electrode surface. Effectively, the polymer will hence moderate the deposition at lower potentials from −1.4 to −1.8 V, which is further shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Specifically, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows representative results of potentiostatic Zn deposition from ZP and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b from ZN recorded in a QCM-D. At −1.6 V deposition from the ZP solution shows rather limited mass gain and a fast drop of the current. Compared to the data for ZN, without the polymer (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), the data for ZP at −1.6 V suggest a considerable slowdown of the deposition rate, which is consistent with almost all of the mass deposited deriving from the initial polymer depletion at the interface. Interestingly, and as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, deposition from ZP initiated at −1.8 V indicates a fast initial drop of the deposition rate, followed by a subsequent rise of the rate. This change of the deposition rate also coincides with a significant change of the mass deposition rate (marked by an arrow). The mass gain is initially slow and also much slower in comparison to the rate in the ZN solution (compare rates which are marked by the arrows), which is consistent with an initial and fast depletion of the zincate from the polymer in the ZP solution. The subsequent rise of the current and mass deposition rate clearly suggests a diffusion-controlled deposition following the initial depletion.

4. Conclusion {#sec4}
=============

A Zn-plating electrolyte contains negatively charged zincate complexes \[Zn(OH)~4~\]^2--^ that, in principle, cannot easily approach a negatively charged electrode surface due to electrostatic repulsion. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows a schematic of the electric double layer in ZN solution, which mainly consists of sodium co-ions at cathodic potentials where the surface carries a large negative charge, σ. As a result, zincate can only deposit through an outer-sphere reaction. This offers very little to no direct steering and control of the reaction rates.

![Schematic understanding of the PQ-controlled zinc deposition. (a) From ZN solutions the Zn deposition proceeds via an outer-sphere reaction. Because of the high negative surface charge, σ, the inner electric double layer consists mainly of sodium co-ions. (b) In ZP solutions a three-step mechanism proceeds via (1) coadsorption of zincate together with the positively charged polymer, which effectively competes with sodium co-ions in the inner sphere of the electric double layer, (2) during electrodeposition zinc initially deposits via depletion of zincate from the adsorbed polymer, and (3) the depleted polymer subsequently establishes a diffusion barrier, which moderates the ongoing deposition, improving the layer quality.](am0c04263_0006){#fig6}

As indicated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, the PQ polymer coils, on the other hand, are generally positively charged (due to the quaternary amine) and can hence easily approach and adsorb at the gold surface, effectively competing with sodium co-ions in the inner sphere of the electric double layer.

Also, PQ can absorb zincate ions forming a zincate loaded and likely still weakly positively charged polymer. This allows the negatively charged zincate to coadsorb to the surface in the inner sphere of the electric double layer. Potential central steps of the mechanism for Zn plating moderated by PQ are also depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b and can be summarized as follows. In step 1 the zincate/PQ aggregate can easily transport zincate to the surface with a low electrostatic penalty. Close to the surface, essentially in the inner sphere of the electric double layer, the reduction mechanism described in step 2 can then reduce the zincate ions, while depleting zincate within the adsorbed polymer layer. Yet the polymer film remains at the interface. In step 3 this layer then effectively acts as a moderator of the reduction reaction due to a targeted control of the zincate diffusion through the polymer. Our findings offer interesting insight into how one may tune and control the polymer for making more effective additives for Zn plating and electrodeposition in general.
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